Abstract
Introduction

33
Animal behaviors are effectively reinforced when a reward shortly follows a preceding sensorimotor 34 event for both operant (Thorndike, 1911) and classical (Pavlov, 1927) conditioning, indicating that 35 reward timing is critical for learning. In reinforcement learning theory (Sutton and Barto, 1998; Gerstner 36 et al., 2018), the minimal time window during which a reward can effectively reinforce preceding events 37 is called the eligibility trace which sets a tradeoff between the sensitivity and precision of reward 38 detection: A longer eligibility trace enables the sensitive detection of a delayed reward, but reduces the 39 precision in the detection of a temporal contiguity. How the brain mechanism resolves this tradeoff, 40 however, has not been determined since previous behavioral studies largely focused on long delay 41 conditioning (Boice and Denny, 1965; Holland, 1980; Rescorla, 1988) ). In contrast, subthreshold low laser powers (< 3 mW) did not reinforce this 158 behavior (laser on at low power vs. laser off at low power, P = 1.0) (Fig. 4-figure supplement-1c, d ). 159 We then tested whether this weak stimulation of synaptic inputs (optogenetic conditioned 160 stimulus, CSopto) could be associated with the US. In head-fixed mice, blue light stimulation (20 Hz, 161 0.5 s, 5 ms pulse) of CSopto alone in the NAc did not cause the licking response (Fig. 4c, d ). When 162
CSopto was paired with a US of water ( Fig. 4e-f) , the mice started to show anticipatory licking to 163
CSopto within 30 trials ( ). In 167 contrast, mice injected with a Venus vector without ChR2 did not form an association (Fig. 4g, h ) (F(10, 168 43)=0.59, P = 0.81), indicating that mice did not respond to optical stimulation itself as a CS but the 169 conditioning relied on optically induced synaptic activation. Moreover, CSopto conditioning was 170 dependent on the D1R, which was tested using a within-subject design to functionally confirm virus 171 injection and fiber placement for ChR2 excitation (Fig. 4-figure supplement-2 , paired t-test, t(8) = 3.2, P 172 = 0.012). 173
Finally, we examined the time window of the association formed by the CSopto (20 Hz, 0.5 s) 174 (Fig. 5) . The time window of conditioning by the CSopto was within 1 s after the onset of CSopto (Fig.  175 5h) (two-way repeated measurement ANOVA, US delay × conditioning periods with the latter as a 176 within-subject factor, effect of US delay, F (1, 71) = 16.7, P = 0.00029; effect of conditioning periods, 177 F(5, 71) = 9.5, P = 1.5 × 10 -5
; interaction, F(5, 71) = 7.0, P = 0.00018; main effect: Δt = −1, P = 0.24; Δt 178 = −0.5, P = 0.86; Δt = 0, P = 0.060; Δt = +0.5, P =0.0031; Δt = +1, P = 6.8 × 10 -8
; Δt = +2, P = 0.37), 179 similar to the natural tone (Fig. 2h) . For those negative conditions (-1s, -0.5 s, 0 s, and 2 s), we 180 confirmed successful conditioning with 1 s delay on the next day (Fig. 5-figure supplement-1) , 181
indicating that the negative results were not due to inappropriate virus injection nor optical fiber 182 placement. 183
184
Discussion
185
We have developed a tone-water-lick classical conditioning in head-restrained mice, and found that the 186 time window for the conditioning was 1 s. The optogenetic stimulation of glutamatergic inputs in the 187
NAc was enough to form the time window but did not further shorten the window. The conditioning was 188 dependent on D1R and CaMKII in the NAc, and the time window closely matched with dopamine time 189 window for spine plasticity in the NAc (Yagishita et al., 2014) , which is formed by D1R, Ca temporal scales for the spike-timing mechanisms (~20 ms), and the supervised learning in the 206 cerebellum (~100 ms) (Suvrathan et al., 2016) . 207 We also found that the conditioning efficacy peaked at 0.5 -1 s from the onset of the CS, in 208 accordance with the dopamine time window that peaked at 0.6 -1 s from the onset of the glutamatergic 209 inputs in the NAc synapses (Yagishita et al., 2014) . These results suggest that the timing mechanism is 210 optimized to detect reward delays for the temporal contiguity rather than the synchronicity of the onsets. 211
13
The delayed peak may also account for the optimal duration of the tone at 0.5 s: the CS duration of 0.2 s 212 was shorter than the optimal delay; and the longer CS duration was unable to effectively detect the 213 strong activation of glutamatergic inputs that may have peaked soon after the CS onset and which may 214 have waned thereafter (Reed et al., 2018) . Along with this, the tuning curve for the tone duration ( Fig. 2-215 figure supplement 1h) showed a similarity with the reward time window (Fig. 2h) . 216
The CSopto experiments suggested that the change in NAc synapses but not upstream sensory 217 systems represented the CS-US association that resulted in licking. After conditioning, the CSopto 218 For the drug infusion experiment, SCH23390 (400 μM, Abcam) dissolved in ACSF (125 mM 317 NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 20 mM 318 glucose) or ACSF for controls was infused at the rate of 16.66 nl/min by a syringe pump (Legato111, 319 KD scientific) 30 min before the experiments. The infusion was continued during the conditioning at the 320 rate of 14.9 nl/min. For pharmacological experiments during CSopto conditioning, SCH23390 or saline 321 were intraperitoneally injected 30 min before the conditioning experiments. Doses of 0.25 and 0.5 mg/kg 322 were tested. As the results were similar between the doses, the data were pooled in the analysis. 323 20
324
Histological analysis. For the AIP experiments, the mice were subjected to the histological analysis to 325 confirm AIP expression in the NAc. After the behavioral experiments, the mice were transcardially 326 perfused with 4% paraformaldehyde and decapitated. Coronal slices of 50-m thickness were obtained. 327
Clover fluorescent was obtained using stereoscopic microscopy (Leica M165-FC), and images were 328 captured with a CMOS camera (Hamamatsu photonics ORCA R2). AIP expression was considered 329 sufficient if it was expressed bilaterally including more than 3/4 of the anterior part of the anterior 330 commissure, a NAc surrounding structure. Out of the 18 NAc injected mice, five failed to satisfy this 331 criterion (one did not exhibit expression at all, three exhibited unilateral expression only, and one 332 exhibited expression only in the medial half of the NAc) and were therefore excluded from behavioral 333 analyses. For some slices, detailed fluorescence images were obtained using confocal microscopy 334 (Leica, SP5) of the preparations which were counter stained using DAPI. 335
336
Slice experiments. Acute coronal slices of the NAc (280 m) were obtained from 5-to 6-week-old mice 337 injected with either an AIP (PPTA-sCre + sDIO-AIP-clover) or a control vector (PPTA-sCre + sDIO-338 clover) at 3 weeks of age. Mice were anesthetized using ketamine and xylazine; perfused transcardially 339 with an ice-cold solution containing 220 mM sucrose, 3 mM KCl, 8 mM MgCl2, 1.25 mM NaH2PO4, 26 340 mM NaHCO3, and 25 mM glucose; and then quickly decapitated to prepare slices with a VT1200 341 21 microtome (Leica). The slices were incubated at 34°C for 30 min and then at room temperature (20-342 25°C) in artificial cerebrospinal fluid (ACSF; 125 mM NaCl, 2.5 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 343
1.25 mM NaH2PO4, 26 mM NaHCO3, and 20 mM glucose), bubbled with 95% O2 and 5% CO2. 
